Heat treatment improves some wood properties namely: equilibrium moisture, dimensional stability and durability and mechanical properties. In this study, the heat treatment was applied to woods of three natural species from Brazil: Aspidosperma populifolium (peroba mica), Dipteryx odorata (cumaru) and Mimosa scabrella (bracatinga). The woods were heated in an oven under vacuum and under nitrogen, at 180, 200, and 220°C for one hour. The untreated and heat-treated woods were characterized in relation to equilibrium moisture content, basic density, shrinkage, Janka hardness, and bending MOR and MOE according to NBR 7190 standards. All the thermal rectified woods showed a reduction in the hygroscopic equilibrium content, especially when the heating was under vacuum from 13-15% in the untreated woods to 1-3% for vacuum treatment at 220 °C. The dimensional stability was improved to only a small extent e.g. volumetric shrinkage tended to decrease with increasing temperature. The mechanical properties were affected differently for the three wood species. Heat-treated cumarushowed increased Janka hardness, MOR and MOE; and peroba mica increased MOR and MOE but not Janka hardness; while bracatinga was less influenced by the heat treatment.
INTRODUCTION
Wood is a material with excellent mechanical behavior, namely considering its performance-todensity ratio, but also with some undesirable properties such as hygroscopicity, anisotropy, dimensional instability and biodegradability (Tomak et al. 2011 , Miller 1999 . Thermal modification processes are used to improve the wood quality and are especially targeted to increase durability and dimensional stability, and decrease equilibrium moisture content (Esteves and Pereira 2009) . The heat-treated wood can therefore be applied for higher value end-uses such as surfacing, floors, windows and doors, musical instruments, boats, and general outdoor uses (Gunduz 2009 ).
Thermal modification is performed by heating the wood at temperatures between 180 and 260 °C, usually in the absence of oxygen or with air deficiency (Homan 2004) . In these conditions, there are chemical changes e.g. degradation of hemicelluloses and extractives, to an extent that depends on the wood species and on the treatment intensity, for example under 140 °C only slight changes occur while above 260 °C the substantial degradation of the structural components lowers the wood properties Thermal modification has been applied to different species, mostly hardwoods and softwoods from temperate regions. Few species from tropical and subtropical regions have undergone thermal treatment: Pinus caribaea var. hondurensis, between 120 and 180°C (Borges and Quirino 2005) , Eucalyptus grandis between 120 and 200 °C (Brito et al. 2006) and Corymbia citriodora between 200 and 220 °C (Nunes 2009 ), while Eucalyptus grandis, Pinus taeda and Tectona grandis were heat treated at 160 °C at industrial scale (Lengowski 2011) . The Brazilian native species Simarouba amara, Sextonia rubra and Cariniana micrantha were also treated at 150 and 200 °C to reduce surface color variation (Gouveia 2008) .
This work studies three species occurring naturally in Brazil and with economic importance for the furniture and flooring industry.
Mimosa scabrella Bentham (common name bracatinga) is a native forest species in Brazil, occurring in cold and wet areas, mainly in the states of Minas Gerais, Paraná, Rio de Janeiro, Santa Catarina, Rio Grande do Sul and São Paulo. The wood has a medium density (510 to 610 kg m -3 ), low durability when in contact with the ground, and low permeability towards preservative products (Sturion and Silva 1989, Inoue et al. 1984) . It is used for firewood, charcoal, plywood, particleboard and lightweight containers and, more recently, started to be introduced in furniture and flooring (Baggio et al. 1986, Baggio and Carpanezzi 1998) .
Aspidosperma populifolium (common name peroba mica) is distributed naturally in the Amazon region and center-west of Brazil, in the states of Amazonas, Pará, Rondônia and Mato Grosso. The wood is density (730 kg m -3 ) and used in construction, as beams, rafters and slats for floors, carpentry and high quality furniture manufacturing.
Dipteryx odorata (common name cumaru) is frequent in the states of Acre, Amapá, Amazonas, Pará, Rondônia and Mato Grosso, as well as in neighboring countries like Guyana, Venezuela, Colombia, Bolivia, Peru and Suriname. The wood is very dense (950-1000 kg m -3 ), tough, highly durable and resistant to cracking when exposed to sunlight, therefore is suitable for solid flooring, stair treads, furniture, and pool decks (Loureiro et al. 1979) .
In this work the wood of these three species (Aspidosperma populifolium, Dipteryx odorata, Mimosa scabrella) was thermally treated and the effect of temperature and treatment methods (vacuum and nitrogen environments) was evaluated in relation to equilibrium moisture, basic density, shrinkage, Janka hardness and bending strength. The aim is to improve the wood properties of these three species in order to target them towards high-quality solid timber products.
MATERIALS AND METHODS

Samples
The commercial woods: bracatinga (Mimosa scabrella Bentham), peroba mica (Aspidosperma populifolium A. DC) and cumaru (Dipteryx odorata (Aubl.) Wiilld) were used in this study. The boards were donated by Indusparket (Tietê, São Paulo, Brazil), a national manufacturer of hardwood floors. The boards were air dried to moisture content between 12 and 15 %. Test samples were cut with 60 cm x 7,5 cm x 2 cm (length x width x thickness, corresponding to the axial, tangential and radial directions of the wood).
The experiments were conducted in the laboratories of the Panels and Wood Energy (LAPEM), Pulp and Paper (LCP) and Wood Properties (LPM), of the Federal University of Viçosa, Brazil.
Physical and mechanical properties ..: Araujo et al.
Thermal treatment
The wood samples were thermally treated in a Marconi vacuum oven Model MA-027 (São Paulo, Brazil), fitted with temperature and pressure, or vacuum, control. The oven internal chamber has a cylindrical shape (30 cm diameter and 70 cm length) and a support platform where the wood samples are stacked. The oven allowed the control of temperature, the choice of input gas e.g. air or nitrogen, and the variation of the inside pressure by connection to a vacuum pump.
Preceding each heat treatment, the samples were weighed and measured (length, width and thickness) for later calculation of mass loss and volume variation. The mass loss was determined for each sample in relation to its initial oven-dry mass in accordance to the equation 1:
wood mass -treated wood mass Mass loss % = × 100 wood mass (Equation 1) where the wood mass is the oven-dry weight of the specimen without treatment (g), and the treated wood mass corresponds to the oven-dry weight of the specimen after heat treatment (g).
The oven was conditioned to the environment conditions under testing, and heated until the treatment temperature was attained; the samples were then rapidly put inside, and heated during one hour at constant temperature. The temperatures tested were 180, 200 and 220 °C. Two oven conditions were evaluated: i) the air filled oven was evacuated with the coupled vacuum pump to a pressure of 0,06 MPa (here called "vacuum" treatment); ii) the oven was filled with nitrogen and then evacuated with the coupled vacuum pump to a pressure of 0,06 MPa (here called "nitrogen" treatment).
Each experiment used six wood samples for each species. After treatment, the samples were removed and cooled to 25 °C, weighed, measured (width, thickness and length) and kept at ambient temperature and humidity. Posteriorly, the samples were weighed and measured weekly until they reached equilibrium moisture content that was attained after eight weeks.
Wood properties
The following properties were determined in untreated and heat treated wood samples: equilibrium moisture content, basic density, shrinkage, Janka hardness and bending strength. The specimens for each test were prepared according to NBR 7190 (ABNT 1997) standards. Before testing, all the samples were conditioned in a climate chamber at 20 °C and 65 % relative humidity.
Hygroscopicity was evaluated by the equilibrium moisture content after stabilization in a controlled environment at 20±2 °C and 65 % relative humidity.
Wood basic density was determined according to adaptation of Tappi 258 om-02 standard, and calculated by dividing the oven dried mass by the saturated volume, using the standard immersion method for volume determination. The dry mass was determined after oven dry at 103 °C until constant weight.
The test specimens were cut to a prismatic shape with a rectangular cross section of 2 cm x 3cm (radial x tangential) and 5 cm length (axial). Eighteen replicates of untreated and treated specimens were used for each test (three different temperatures, two different methods, three species), totaling 108 samples (6 wood samples x 18 replicates) for each test and by species. The other physical and mechanical tests were made with the same number of specimens.
The dimensional stability of the wood is characterized by the properties of shrinkage and swelling that should be determined in the tangential, radial and axial directions. The shrinkage was determined from a saturated state to an oven dry state, andcalculated as percent variation in relation to the saturated state. The volume variation was determined with the dimensions of the samples in the dry and saturated states as in equation 2:
WhereS vol is the total volumetric shrinkage (%); V w is the saturated volume (cm 3 ); and V d the oven dry volume (cm 3 ).
The samples were placed in a saturated environment at 20 °C ± 5 °C, until the dimensional variation stabilized (differences of 0,02 mm between two successive measurements were accepted).
The anisotropy coefficient (AC) was calculated by dividing the tangential shrinkage (TC, %) by the radial shrinkage (RC, %), as follows
The Janka wood hardness teste was determined by the ratio between the maximum force (in N) applied for a required penetration into the wood of a sphere with 1 cm 2 diametrical section at a depth equal to its radius. The wood specimens were prismatic with a square of 5 cm in cross-section (radial x tangential) and a length (axial) of 15 cm. For the application of the Janka Hardness test, the specimens were glued together with adhesive (resorsinol) in order to have a square area of 5 cm 2 in the sample cross-section.
Bending was characterized by the flexural modulus of rupture (MOR) and modulus of elasticity (MOE), and the results were reported in MPa. The wood specimens for the bending tests had a prismatic square shape of 2 cm across (radial x tangential) and a length of 30 cm (axial). The mechanical test was performed on a computer controlled universal testing machine CONTENCO (Minas Gerais, Brazil). The specimens were supported on two articulated cleavers, with a span of 24 cm, and the load was applied by means of a cleaver directly in the center of the specimen, tangentially to the growth rings. The load was increased gradually and steadily, allowing the measurement of the deflection at each increment until rupture. Table 1 presents the average values of the equilibrium moisture content in the untreated and in the heat-treated samples. The untreated woods had equilibrium moisture values ranging from 13,1% (cumaru) to 15,5% (bracatinga) that decreased significantly upon thermal treatment. In all cases, the heat-treated wood samples significantly differed from the untreated wood (Table 1 ).
RESULTS AND DISCUSSION
Equilibrium moisture content
The reduction extent of the equilibrium moisture content was influenced by the method used for the thermal treatment: under vacuum, the reduction was much higher than under a nitrogen environment for the same temperature e.g. 3,3% vs. 12,8% for vacuum and nitrogen treatment for bracatinga wood at 180 °C, respectively (Table 1) . Temperature also influenced the equilibrium moisture content, although the differences between treatments at 180°C and 220°C were small. The analysis of variance indicated that method and temperature within the method were significant factors of variation of the wood equilibrium moisture content, although in most cases there was no statistical significant variation between temperatures (Table 1) .
Physical and mechanical properties ..: Araujo et al. Comparison of the three species showed a similar behavior both regarding temperature as well as the method. It is noteworthy that the three heat-treated woods under vacuum attained very low equilibrium moisture contents: bracatinga 2,7%, peroba mica 1,2% and cumaru 1,3%. In the treatment under vacuum there was already a major effect at 180 °C. Similar results have been observed by researchers studying wood thermal modification; in fact, the decrease of wood hygroscopicity is considered as one of the greatest benefits provided by the thermal wood modification (Hill 2006, Esteves and Pereira 2009) . The decrease of hygroscopicity in thermally treated woods may be explained by a lower water absorption by the cell walls due to the partial removal of extractives and of hemicelluloses that reduces the hydrophilic hydroxyl groups, with an increase of cellulose crystallinity and of linkages in the lignin matrix (Esteves et al. 2008a , Sundqvist 2004 , Boonstra and Tjeerdsma 2006 . The treatment under vacuum favored the transfer of volatiles to the gas phase (Candelier et al. 2013) , therefore yielding a more hydrophobic wood, as shown by the results in Table 1 . The same influence of a vacuum environment leading to a sharp decrease of the equilibrium moisture content with the heat treatment was also reported using the same equipment (Araújo et al. 2014) .
Basic density and mass loss
The wood basic density was different between the three species: the lower value was attained by bracatinga (550 kg m -3 ), while peroba mica 610 kg m -3 ; and the higher value was obtained by cumaru, 900 kg m -3 .
The thermal treatment influenced the wood density only in a small extent as can be seen in Figure  1 . Bracatinga wood showed a small increase in wood density after the heat-treatment,e.g increased to 58 kg m -3 for the different methods and temperatures; for peroba mica the wood basic density increased slightly to 630 kg m -3 for the heat-treated sample at 220 °C; while in cumaru wood the variation was also small e.g. 890kg m -3 in the sample treated at 220 °C treatment under nitrogen.
Figure 1. Basic density of wood samples of Aspidosperma populifolium (peroba mica), Dipteryx odorata (cumaru) and Mimosa scabrella (bracatinga) after heat treatment at three temperatures (180, 200 and 220°C) under two methods (vacuum and N 2 ).
Temperature is usually considered to induce a decrease of the wood basic density due to mass loss (Boonstra et al. 2007 ), but response to particular treatment may differ (Tomazello Filho 1985 , Garcia 1995 . This was found previously for the heat treatmentof eucalypt wood using the same equipment and conditions as in this study (Araújo et al. 2014 ).
The mass loss was different between the three species and two methods ( Table 2 ). Mass loss of wood is related to its thermal degradation and appears to be the indicator of the treatment intensity. Since the properties of heat treated wood depend on the mass loss (Weiland et al. 1998 ) the control of the mass loss during the treatment is a quality factor.
The mass loss values were overall small. Mass loss increased when temperature increased for both methods. This has been shown for instance by Allegretti et al. (2012) who refer mass loss of 1% at160 °C and 6-7% at 220 °C for Norway spruce (Picea abies) and fir (Abies alba). In this work, the values of mass loss found for 220 ° C were lower, presumably due to the heat short treatment time (1 h). In fact, the comparison of data from different authors is often difficult due to differences in treatment duration and other factors involved.
Physical and mechanical properties ..: Araujo et al. The mass loss values were lower for the treatment with nitrogen than for that with vacuum for all temperatures and species. This was an expected result because under nitrogen the medium is deficient in oxygen, there by reducing the oxidative reactions which interfere with the wood components.
Under vacuum, the mass loss remained of small magnitude since all volatile degradation products like acetic acid or furfural were removed as soon as they were formed thereby limiting the degradation of wood polysaccharides and their recondensation through thermoreticulation and crosslinking reactions (Candelier et al. 2013) . Table 3 presents the mean values for the axial, tangential, radial and volumetric shrinkage as well as the anisotropy coefficient of the untreated and the thermally treated wood samples. The untreated wood samples showed shrinkage values in accordance with reported values e.g. very small axial dimensional variation and medium shrinkage in the radial and tangential directions. Bracatinga wood is considered to have high shrinkage values which limit its usage (Moreschi 2005, Galvão and Jankowski 1985) and the values found here were similar to those reported by Costa et al. (2010) and Stamm (1956) . The peroba mica wood showed shrinkage values within the range reported by Logsdon (2008) and Lovatti (2008) : 3,6 and 6,2% radial shrinkage; 6,9 and 9,4% tangential shrinkage; 10,4 and 16,6% volumetric shrinkage, with 1,98 and 1,51 anisotropy coefficient. Cumaru wood had shrinkage values in accordance with the reported values of 5,4% radial shrinkage; 8,4% tangential shrinkage, 12% volumetric shrinkage and 1,55 coefficient of anisotropy (IBAMA 1997 , IBDF 1988 , IBDF 1981 , Souza et al. 1997 .
Shrinkage of wood
The heat treatment did not change significantly the dimensional stability of the woods, and the differences in shrinkage values with temperatures and treatment methods were not statistically significant.
Physical and mechanical properties ..: Araujo et al. Table 4 shows the values obtained for the Janka hardness perpendicular to the grain for the untreated and heat treated wood samples. The untreated woods showed differences in hardness with cumaru wood as the hardest and bracatinga as the less hard (105,6 MPa and 46,7 MPa respectively).
Janka hardness
The effect of heating on the wood hardness depended on the species (Table 3 ). The thermal treatments showed no significant influence on the Janka hardness of bracatinga and peroba mica woods. On the contrary, cumaru wood significantly increased its hardness with the heat treatment, regardless of the heating method or the temperature, which did not impact significantly on the results. The increase of strength and hardness of thermally treated wood is attributed to chemical condensation between polysaccharides and lignin (Sundqvist 2004) . Different reports on Janka hardness variation in thermally treated woods have been given in the literature. Gunduz et al. (2009) observed that with increasing temperature and duration of heat treatment, Janka hardness decreased; while the Finnish Thermowood Association (FTA 2003) indicated that it increases with temperature, and higher treatment temperatures will influence more the wood hardness (Tuong and Li 2011) .
Bending resistance
The heat treatment of the woods influenced their bending behavior, but the sign of the variation depended on the species and treatment type. Bracatinga showed a reduction in the modulus of rupture for the treatment under vacuum but an increase for the treatment under nitrogen, e.g. 105,4 MPa in untreated wood, and 96 MPa and 113,5 MPa for the 220°C treatment under vacuum and nitrogen respectively. MOE was lower for the treatment under vacuum but had no significant differences under nitrogen (Table 5) . For peroba mica (Table 5) , the MOR increased with both treatments e.g. from 97 MPa in the untreated wood to 109 MPa and 125 MPa for vacuum and nitrogen at 220 °C, respectively. MOE increased considerably by 35% in relation to the untreated wood with the vacuum and nitrogen methods at 220 °C.
For cumaru wood (Table 4) , no influence of temperature and of treatment method was observed. Reports in the literature regarding MOE and MOR changes with heat treatments are not always coincident. Poncsak (2006) reports that the wood becomes more rigid and brittle, and mechanical properties may be reduced, depending on temperature, heating rate and duration of treatment. An inert or slightly reducing atmosphere reduces the loss of mechanical strength (Doi et al. 1999) .
A reduction in MOR has been reported and explained by the changes in content and structure of hemicelluloses induced by the heat treatment, causing loss of flexural strength of wood (Boonstra et al. 2007 , Korkut et al. 2008 . MOE increases in heat-treated wood, and Gunduz et al. (2009) explained this result by increased lignin cross-linking that makes the structure around the cellulose microfibrils and the middle lamella more rigid. Esteves and Pereira (2009) explained this increase in MOE with increasing crystallinity of the cellulose and the reduction of moisture content equilibrium.
CONCLUSIONS
The heat treatment of bracatinga, peroba mica and cumaru wood significantly lowered the equilibrium moisture content, although with only a small impact on improving dimensional stability. A vacuum environment was more effective to reduce wood hygroscopicity.The heat-treated woods showed in general higher hardness and bending resistance. The wood from the different species showed a different response to the heat treatment, suggesting that optimization of the heat treatment operational parameters should be species' specific. The heat treatment intensified qualities of wood for use of the external constructions and floors. 
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